: The MicroBooNE liquid argon time projection chamber (LArTPC) has been taking data at Fermilab since 2015 collecting, in addition to neutrino beam, cosmic-ray muons. Results are presented on the reconstruction of Michel electrons produced by the decay at rest of cosmic-ray muons. Michel electrons are abundantly produced in the TPC, and given their well known energy spectrum can be used to study MicroBooNE's detector response to low-energy electrons (electrons with energies up to~50 MeV). We describe the fully-automated algorithm developed to reconstruct Michel electrons, with which a sample of~14,000 Michel electron candidates is obtained. Most of this article is dedicated to studying the impact of radiative photons produced by Michel electrons on the accuracy and resolution of their energy measurement. In this energy range, ionization and bremsstrahlung photon production contribute similarly to electron energy loss in argon, leading to a complex electron topology in the TPC. By profiling the performance of the reconstruction algorithm on simulation we show that the ability to identify and include energy deposited by radiative photons leads to a significant improvement in the energy measurement of low-energy electrons. The fractional energy resolution we measure improves from over 30% to~20% when we attempt to include radiative photons in the reconstruction. These studies are relevant to a large number of analyses which aim to study neutrinos by measuring electrons produced by ν e interactions over a broad energy range.
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Introduction
The study of neutrino oscillations offers an exciting opportunity to expand our knowledge of fundamental particle physics, and offers a clue to explore the existence of new physics. Neutrinos are studied by measuring the products of their interactions with matter. Accurately measuring electrons from ν e interactions is necessary for upcoming research programs investigating non-standard neutrino oscillations, lepton-sector CP violation, and the neutrino mass-hierarchy [1, 2] . Additionally, neutrinos produced in galactic supernovae bursts (SNBs) are expected to produce electrons in the 5-50 MeV energy range [3, 4] . The ability to obtain a precise energy response for low-energy electrons is therefore essential for neutrino oscillation and SNB measurements. Therefore, this work is relevant for the study of electrons produced by ν e interactions from supernova bursts, low-energy ν e interactions from accelerator sources, and low energy γ electromagnetic (EM) showers produced by neutral current interactions in a wide range of neutrino energies.
The LArTPC detector technology has been chosen to pursue these programs in the U.S.A. at Fermilab through a number of short-and long-term projects. The Short-Baseline Neutrino program [1] , aimed at studying possible non-standard neutrino oscillations, consists of a suite of three LArTPCs (SBND, MicroBooNE, and ICARUS). MicroBooNE is currently in operation, and will be followed by the full three detector program starting in 2019. DUNE (Deep Underground Neutrino Experiment) is a long-baseline neutrino experiment planning to build multi-kiloton-scale LArTPC detectors at the Long Baseline Neutrino Facility in South Dakota [2, 5] to make precise neutrino oscillation measurements with the aim of investigating CP violation in the lepton-sector, the neutrino mass hierarchy, as well as studying SNB neutrinos. Furthermore, several detector prototypes and technology demonstrators have taken valuable data (LArIAT [6] , LAPD [7] , CAPTAIN [8] , LBNE 35 ton prototype [9] ) or are under construction (protoDUNE single-and dual-phase detectors).
Experimental validation of the LArTPC technology's ability to achieve the electron energy resolution necessary for the rich physics program envisioned is incomplete and requires further study and validation. The ArgoNeuT [10] and ICARUS T600 [11] detectors have made a series of measurements useful in addressing questions regarding the ability of LArTPCs to provide precise calorimetric energy reconstruction of EM activity. Studies of recombination [12, 13] and electron absorption [14] address the ability to recover information about the energy deposited in the TPC volume. Measurements of γ EM showers produced by π 0 decay [15, 16] , as well as the calorimetric separation of electron and γ EM showers [17] , provide information specific to the reconstruction of EM shower kinematic properties. In the low-energy range, ICARUS has produced a measurement of the µ decay spectrum [18] . However, detailed investigations of the impact of the topology of EM-shower propagation in LArTPCs on energy reconstruction are currently lacking.
MicroBooNE [19] is a 170 metric ton LArTPC currently operating at Fermilab in the Booster Neutrino Beamline. The detector has been operational since summer 2015 and began collecting data with a stable neutrino beam in October of 2015. Data from the MicroBooNE detector can help us better understand electron reconstruction in a LArTPC detector.
The MicroBooNE TPC is a 10.37-m (beam direction) × 2.56-m (drift direction) × 2.32-m (vertical direction) parallelepiped placed within a cylindrical cryostat. The TPC encompasses approximately 90 metric tons of argon, which make up the detector active volume. Figure 1 shows a schematic of MicroBooNE's TPC working principle. Charged particles traversing the detector volume ionize the argon, leaving behind a trail of electrons along the particle's original trajectory. A uniform electric field causes electrons to drift towards three closely-spaced parallel wire planes. A total of 8,256 wires record signals from the TPC. The first two planes that a drifting electron encounters respond with bipolar "induction plane" signals, while the third plane responds with a unipolar "collection plane" signal. The anode wires in the three planes are oriented at +60, -60, and 0 degrees with respect to vertical, which combined with the drift time measurement allows for three-dimensional (3D) reconstruction of the drift electron production point via three independent drift-time measurements. Wires are separated by 3 mm, and TPC data is digitized at 2 MHz, allowing the recording of highly detailed images of interactions in the TPC. The high signal-to-noise ratio of MicroBooNE's electronics [20] enables the recording of precise calorimetric information. In this analysis we only use the collection plane, which provides a two-dimensional (2D), top-down projection of the charge deposited in the TPC. A constant electric field applied to the cathode (left-hand side) produces a uniform drift-field of 273 V/cm in the driftcoordinate direction. Charged particles traversing the TPC, such as a cosmic-ray muon, will ionize the argon, depositing a trail of ionized electrons, which will then begin to drift towards the wire planes under the effect of the electric field. Charge drifts at~0.11 cm/µs [22] .
This work provides an experimental measurement of the response of low-energy electrons using the MicroBooNE LArTPC. In order to do so, we use Michel electrons, electrons produced by the decay-at-rest of cosmic-ray muons that come to a stop in the MicroBooNE TPC. Michel electrons have a well characterized energy spectrum [21] with energies up tõ 50 MeV. We can use these electrons to study the response to neutrino interactions which produce EM activity in the same energy range.
We have developed a fully-automated set of algorithms to reconstruct such EM showers in our LArTPC. We describe the features and challenges of this reconstruction in the following sections. We show that Michel electrons manifest themselves with a complex topology caused by the stochastic release of bremsstrahlung photons [23] , which can disperse significantly and carry away a considerable fraction of the electron's energy. Due to the 14 cm radiation length in argon [24] (corresponding to 47 anode-plane wires), and the relatively slow drift-velocity in the MicroBooNE TPC, collecting the total charge deposited by Michel electrons is made more challenging by the need to identify the charge of bremsstrahlung photons. We show that collecting radiative photons is essential in order to obtain good energy resolution for low energy-electrons.
In this article we report on the current status of reconstructing Michel electrons in MicroBooNE. We present results from a two-dimensional approach, which employs only information from MicroBooNE's collection plane. Section 2 describes the general signature of Michel electrons in a LArTPC, presenting the unique topological features of low-energy electrons and the challenges encountered when trying to reconstruct their energy. Section 3 describes the algorithm developed to tag and reconstruct Michel electrons from cosmic-ray muons. The method by which we reconstruct the energy using calorimetric information appears in Sec. 4. Section 5 presents results of a Monte Carlo (MC) study on the energy reconstruction for Michel electrons performed by using the algorithm described in Sec. 3. Section 6 presents the reconstructed energy spectrum obtained for data, and Section 7 offers some concluding remarks.
Low-Energy Electrons in Liquid Argon

Energy Deposition in Liquid Argon
Michel electrons are detected by the MicroBooNE TPC through ionization energy loss by the primary electron originating from the muon decay, and the secondary electrons produced by bremsstrahlung photons that undergo Compton scattering or pair-production. To identify Michel electrons and to reconstruct their energy it is important to understand exactly what signature an electron will leave as it traverses the argon. In this section we explore the topology of low-energy electrons in a LArTPC, presenting a review of the well-known physics processes which govern the propagation of electrons through argon. Ultimately we are interested in determining how this will impact electron energy reconstruction. Simulation results presented in this section are obtained through a Geant4 [25] simulation of particle propagation in the MicroBooNE detector. Useful properties of Michel electrons and LArTPCs referred to throughout this section are listed in Table 1 .
Electrons traveling in a medium lose energy either by ionizing and exciting the atoms which make up the material (collision stopping power) or by producing photons from a bremsstrahlung interaction (radiative stopping power). At energies well beyond the critical energy, radiative loss greatly exceeds ionization loss, causing the production of EM showers [19] in which a cascade of electrons and photons produces a dense cloud of charge deposition pointing in the direction of the original electron's momentum. These showers are generated if the energy of the radiative photons is high enough to produce electron-positron pairs, which can, in turn, emit other bremsstrahlung photons. A plot showing the relative contribution to energy-loss for electrons up to 60 MeV in energy in liquid argon is shown in figure 2 . One can notice that the relative contribution of ionization and bremsstrahlung varies significantly across the energy range of Michel electrons. Moreover, the energy range of interest for Michel electrons includes the critical energy at which contributions from bremsstrahlung and ionization are equal, and below which the shower extinguishes. Energy deposition via ionization is continuous in the TPC, producing track-like segments. Photons, however, will not deposit energy immediately in the TPC but rather will travel undisturbed until they either Compton scatter or produce an e + /e − pair. The significant distances traveled by photons before depositing energy in the TPC makes their signature qualitatively different from that of the Michel electron's primary ionization trail. Figure 3 shows an example candidate Michel electron from data where energy deposited via ionization and radiative photons are clearly distinguishable from each other. Bremsstrahlung-photon production [23] has a significant impact on the topology of Michel electrons in liquid argon. Photons are created via bremsstrahlung stochastically: case-by-case, the number of photons produced by an electron as it travels in the detector and the energy distribution of these photons will vary significantly. The impact this has on Michel electrons can be gauged by studying figure 4 where we plot the simulated energy deposited via ionization by each Michel electron as a function of the true total Michel electron energy. By studying this distribution one notices that the fraction of energy lost to photons varies significantly depending on the electron's initial energy. Lower energy electrons tend to deposit most of their energy as ionization and only a small contribution to the total energy deposition comes from bremsstrahlung photons. The higher the electron energy, the larger the contribution from photons. This conclusion is consistent with what is shown in figure 2 . Additionally, one sees that the variation in the fractional energy lost to radiative photons varies considerably case-by-case due to the stochastic nature of bremsstrahlung production. The energy-dependent absorption length for photons in liquid argon is plotted in figure 6 . In the energy range of interest for Michel electrons both Compton scattering and pair-production play a significant role. We next produce a profile of the spatial distribution of charge deposited via radiative photons using information from a simulation of Michel electrons propagating in the MicroBooNE TPC. Figure 7 shows the distribution of energy deposited by photons as a function of the radial distance from the muon decay point and the angular separation with respect to the electron's initial momentum direction. Colored boxes on the plot are labeled by the fraction of total energy deposited by secondary bremsstrahlung photons within their bounds. The large distances over which energy is deposited can pose a challenge when attempting to collect the total visible energy released by Michel electrons. The fact that the spatial profile of charge deposited is characterized by a few low energy photons, rather than a fully developed EM shower, makes tagging the individual photons more challenging. This is particularly true for a surface detector such as MicroBooNE, where a large cosmic-ray flux creates showers uncorrelated with the Michel electron. This problem should be mitigated by the cosmic-ray tagger detector (CRT) that we have recently installed in MicroBooNE [29] . 
Muon Decay and Capture in Liquid Argon
An important effect is the distortion of the Michel-electron energy spectrum due to decay from muons bound to atoms in a medium. Negatively charged muons that come to rest in a medium can be captured by atoms of that medium. These muons travel in an orbit close to the nucleus and can be absorbed by the nucleus before decaying. If the muon does decay its orbital velocity will cause the energy spectrum of the electron to broaden. Calculations of the observable Michel energy spectrum due to bound-muon decay have been performed [30] . These effects are accounted for in the MicroBooNE Monte Carlo, which employs CORSIKA [31] for generating the flux of cosmic ray particles entering the detector, and Geant4 [25] for the propagation of particles through the detector volume.
We conclude this discussion on the impact of different physics effects on the Michel electron energy spectrum expected for MicroBooNE by showing what the Michel electron energy spectrum looks like both including and excluding all energy deposited by radiative photons in the TPC. Figure 8 shows the Michel energy spectrum distribution in red and the spectrum if all energy deposited via radiative photons is excluded ("ionization-only" energy) in black. The spectrum without radiative photons is significantly shifted to lower energies. Furthermore, it appears to peak at around 20 MeV. This is due to the fact that higher energy electrons lose more energy to radiative photons than lower-energy ones, sculpting the true distribution to exhibit a peak. The flattening of the Michel-electron total-energy spectrum at around 40 MeV, with the presence of a tail extending to 60 MeV, is a consequence of the decay of bound µ − .
Figure 8:
Energy spectrum for Michel electrons from a Monte Carlo sample of generated cosmic-ray events in MicroBooNE. The simulation takes into account distortions to the Michel electron spectrum due to the different decay probabilities and energies for µ + and µ − . In red we show the true Michel electron energy spectrum, and in black the ionizationonly deposited energy, excluding energy loss to radiative photons. Both distributions are area-normalized.
Michel-Electron Reconstruction
In this section we present the method by which we identify Michel electrons in the TPC. Michel electrons deposit charge over a region which spans tens of centimeters. With a drift velocity of 1.1 cm / 10 µs the arrival time of the drifting electron is spread over hundreds of µs. This timescale is much larger than the 2.2 µs muon lifetime and indicates that we cannot isolate and tag charge based on its arrival time on the sense-wires. Instead, we take advantage of the high-resolution topological and calorimetric information provided by the MicroBooNE TPC to search for signatures in the detector that are characteristic of a stopping muon producing a Michel electron.
Michel electrons from MicroBooNE cosmic data (data taken with the detector using a strobe trigger, in off-beam mode) are identified using an automated reconstruction chain of algorithms that process the raw data into reconstructed quantities, which are then fed to pattern-recognition algorithms. As muons come to a stop, energy deposition along the particle's trajectory shows a characteristic rise, called the Bragg peak. Most Michel electrons produced by the decay will propagate in a direction different than that of the stopping muon. We use information about the position and density of the charge deposited within the TPC to identify the Bragg peak and the kink between the Michel electron and the stopping muon. An event display of a well-identifiable Michel electron candidate can be seen in figure 9 .
e Bragg peak Figure 9 : Event display showing raw data from a small region of the TPC volume from the collection plane where a candidate Michel electron was identified. The x axis shows the data along the beam direction (increasing wire-number to the right) and the y axis the drift-coordinate (increasing drift-time moving upwards). The scale bar applies to both the horizontal and vertical coordinates. The color coding denotes the amount of collected charge on each wire per time tick. In this display the muon candidate coming to a stop can be identified by the significant increase in charge deposited per unit distance at the Bragg peak. The outgoing Michel electron is distinguishable as the short track originating at the muon's stopping point and depositing charge for several centimeters in a different direction from that of the muon.
The reconstruction procedure begins with an initial signal processing stage, in which the raw digitized waveform from each wire is deconvolved to account for the detector's field response and electronics shaping time. A software noise filter that suppresses frequencies associated with noise features produced within the TPC is also applied at this stage. This leads to an estimate of the drifted charge extracted in units of electrons (e − reco ) as a function of time. A pulse-finding algorithm is then run on the processed waveforms to identify and measure the charge delivered to the TPC wires. This step produces reconstructed hits, which carry information on the wire and time of arrival of charge, as well as an uncalibrated measure of the energy deposited in each hit, in units of e − reco . Using a sample of crossing cosmic-ray muons the variation in detector response across the collection plane is measured to be of order 6%. Hit wire and time information on the collection plane represents a 2D top-down projection of charge deposited within the TPC.
Once two dimensional hits have been reconstructed, a pattern-recognition clustering algorithm targeted to identify cosmic muons is run to associate hits that belong to the same particle or interaction. The clustering algorithm takes into account the relative spatial positioning of hits using both wire number and time information, in order to decide how hits should be clustered together. Hits associated to each localized cluster are then sorted based on their spatial orientation, in order to obtain a profile of the muon's charge deposition as it travels through the detector, which is smoothed by using a truncated mean algorithm. Given a spatially sorted list of 2D hits, the truncated mean charge of each hit is calculated by taking the charge of neighboring hits, removing the upper and lower tails of the distribution of charge for this subset of hits, and then computing the mean of the values remaining. For this work we include 8 hits on each side, and truncate the highest and lowest 25% of values.
A profile of the muon's local linearity along the cluster is also calculated. The local linearity is a measure of the correlation of wire and time coordinates in a neighborhood of each reconstructed 2D hit. For each 2D reconstructed hit, the local linearity is given by the covariance of wire and time coordinates calculated using the hit in question, and the five hits preceding and following it in the sorted muon cluster, divided by the product of the standard deviation of wire coordinates and that of time coordinates. A local linearity of one indicates perfect correlation for the selected hits, and thus a straight line-segment. Figure 10 shows reconstructed hits for the same event in figure 9 with the calculated truncated mean and local linearity drawn in the bottom two panels of the image.
Bragg Peak and Spatial Kink Identification
As a muon comes to rest in the TPC and the density of deposited charge increases, the charge collected on each hit will increase as well. This will lead to a characteristic charge profile in which a Bragg peak from the stopping muon can be identified. The hit with the largest truncated mean charge is identified as the approximate location of the Bragg peak. Subsequently we measure the amount of charge deposited within the Bragg peak by integrating the truncated mean charge values in the last few cm up to the identified stopping point compared to that measured in the minimally ionizing particle (MIP) region of the muon to separate through-going from stopping muons. Finally, the hit with the largest charge within~5 cm of the truncated mean charge maximum is reconstructed to be the 2D muon stopping location.
In a similar fashion we scan the muon track searching for a significant kink in the 2D topology of the projected charge. The average local linearity is calculated for the five hits surrounding the identified muon stopping point location, and we require this value to be smaller than 0.8. If both a clear Bragg peak and a significant spatial kink are found and all hits sorted after the reconstructed muon stopping point the reconstructed muon stopping point are tagged as belonging to a candidate Michel electron. In order to further enhance the sample purity, a sequence of cuts on the candidate muon topology, requiring that at least 70% of hits have a measured local linearity greater than 0.9 and that the muon segment be at least 10 cm long, target the removal of muon tracks which are short and exhibit a large amount of scattering, which make the identification of Michel electrons more difficult.
Collecting Charge from Radiative Photons
A proximity-based charge-clustering algorithm will unavoidably miss any energy deposited by radiative photons. In order to attempt to recover any photons, we extend the search for charge associated with the electron in the direction of the electron itself. We begin by measuring a momentum direction for the Michel electron by fitting the charge deposited via ionization to a straight line. We then search for any charge deposited within an 80 cm distance (~3 photon absorption lengths) of the tagged muon stopping point and within a~30 degree opening angle with respect to the reconstructed electron direction. These cuts are applied to information on the collection plane, which is a 2D projection of 3D charge deposition points. From a simulation study similar to that performed in figure 7 but in 2D, we expect 80% of all energy deposited by bremsstrahlung photons to be contained within this cut range. Charge identified within this cut region is split into individual reconstructed photons by isolating contiguous clusters of hits. A minimum energy deposition of~1 MeV is needed for a photon to be identified and included. Finally, we attempt to remove any tagged charge that may have been deposited by accidental cosmic ray muons. We do so by applying the following cuts:
• any reconstructed photon with more than 20 hits (~10 MeV) is excluded.
• reconstructed photons with 5 to 20 hits are required to have a local linearity smaller than 0.8. If additional charge not tagged as belonging to the Michel electron is found in a projected 2 cm radius of any of the photon's hits, the photon is considered to be too close to an external cosmic-ray and thus discarded.
Without applying these cuts we find that the attempt to improve the energy measurement by including far-reaching radiative photons is hampered by the large amount of accidental cosmic activity crossing the event and mistakenly collected. For the case of Michel electrons the negative impact of incorrectly including charge deposited by other cosmicray interactions is particularly severe, given that just a few mis-identified hits can have a large impact on measuring the energy of a < 50 MeV electron. The first cut applied efficiently removes long muon tracks which cross the 80 cm, 30 degree cut region. The second removes smaller linear segments which may be due to activity in the proximity of cosmic-ray muons.
The selection and reconstruction cuts applied above were tuned by visually inspecting their impact on data and simulation events and produce a pure sample of Michel electrons (80-90% purity) with a reconstruction efficiency of approximately 2%, which, given the large sample of cosmic data available, is sufficient to provide the statistics necessary for this study. The efficiency is quantified by measuring the number of reconstructed Michel electrons over the total number of electrons simulated in a Monte Carlo cosmic-ray event sample. The sample purity is estimated by comparing the wire and time vertex position of reconstructed vs. true Michel electrons. Figure 11 shows the result of this comparison. The fraction of all reconstructed events within a given distance from a true Michel electron vertex allows to estimate the sample purity. For example, 80% of all reconstructed Michel electrons are within 3 cm of a true muon stopping point. This plot also shows the good vertex resolution, peaking at~2 mm, below the wire-spacing. The low reconstruction efficiency is largely a consequence of the fact that we are only using 2D projected information to identify spatial and calorimetric features associated with the Michel electron topology. Backgrounds were studied by visually inspecting both data and MC events and were found to mostly consist of tagged EM activity from muons (delta-rays or bremsstrahlung photons) when such activity occurred close to the beginning or end of a muon track. A smaller subset of background events consisted of muon tracks which had undergone a large-angle scatter. Isolating background events in the simulation, we find their energy spectrum to be monotonically decreasing, with a low-end cutoff at~10 MeV. 
Energy Reconstruction
To determine the reconstructed energy we perform a calorimetric measurement by integrating the total charge tagged as being deposited by a Michel electron. A fixed calibration constant is applied to convert charge measured from reconstructed hits to MeV. This calibration accounts for the electronics of the collection-plane wires, the signal processing, as well as detector effects that convert the deposited energy into collected electrons on the wire planes. A correction factor used to convert from reconstructed electrons e − reco to true number of collected electrons e − on the wires is calculated using a sample of stopping muons, fitting the dE/dx vs. residual range to values for liquid argon as tabulated by the PDG [24] . This leads to a correction factor
A number of physics processes are responsible for converting deposited energy to measurable electrons collected on the sense wires. We describe their impact and how we account for them in the following paragraphs.
Recombination is the process by which ionized electrons are attracted by the positive ions produced along a particle's trajectory to re-form neutral argon atoms, which leads to a reduction of the number of drifting electrons. This physical process depends on dE/dx, the amount of energy deposited per unit distance, and the strength of the external electric field. In this analysis we model the effects of recombination according to the treatment and results obtained by the ArgoNeuT experiment [13] . The recombination factor R is defined as
where W ion denotes the work function for ionizing an argon atom (23.6 eV, [32, 33] ), dQ the amount of ionization charge and dE the amount of energy deposited over some distance. dE/dx is the local energy deposition per unit distance and E field the magnitude of the electric field, which is 273 V/cm for MicroBooNE. ArgoNeuT makes use of the Modified Box Model [13] to convert from charge to energy:
Given equations 4.2 and 4.3, we can express the recombination factor R as
with the constants α and β given by α = 0.93 ± 0.02, (4.5)
with ρ denoting the density of liquid argon and E field the strength of the electric field in the TPC. The values of α and k b come from ArgoNeuT's results.
With this information we show in figure 12 the value of the recombination factor as a function of dE/dx. We highlight in gray the range of dE/dx values of interest for Michel electrons, based on values from figure 2.
Figure 12:
Recombination factor as a function of dE/dx computed using the Modified Box model as described by ArgoNeuT [13] for the value of the electric field strength in MicroBooNE of 273 V/cm.
In this analysis we apply a constant recombination factor corresponding to a dE/dx value of 2.3 MeV/cm, which leads to a recombination factor of 0.62. The value of 2.3 MeV/cm is chosen as being half-way in the range 1.9 -2.7 MeV/cm relevant to the collision stopping power for electrons with energies up to 60 MeV (see figure 2) . A Monte Carlo simulation of the effect of using a constant recombination factor leads to a 2% spread in energy resolution for electrons in the energy range of Michel electrons.
Two additional detector effects which lead to position-dependent non-uniformities that can impact recorded signals are also considered. Impurities in the argon can absorb drifting electrons, thus quenching the signal being transported towards the sense wires. Because of its excellent filtration system, MicroBooNE has achieved very low concentrations of impurities, which minimize the loss of drifting electrons. Therefore no correction is applied to account for electron absorption by impurities. Space-charge effects, caused by the buildup of positive ions in the TPC, can lead to electric field distortions which in turn impact the calorimetry. A static space-charge simulation model, found to agree qualitatively with measurements from cosmic-ray data, shows that the impact on calorimetry throughout the detector volume leads to a smearing in the calorimetric energy measurement of less than 1% and is thus considered negligible for the purpose of this analysis.
The energy of a Michel electron in MeV is given by multiplying the reconstructed charge (e − reco ) from hits associated with tagged Michel electrons by the calibration factor given by The uncertainty associated with the calorimetric energy conversion of Eq. 4.8 is meant to represent the systematic uncertainty in calculating a calorimetric energy conversion which can lead to a bias in our energy reconstruction. The evaluated uncertainty includes possible biases due to uncertainties in the ionization energy W ion , the treatment of charge quenching due to impurities, and the applied recombination model and correction. This corresponds to a 1 +0.055 −0.049 fractional systematic uncertainty.
Effect of Radiative Photons on Energy Reconstruction: Monte Carlo Study
In this section we show the results of studying the impact of untagged radiative photons on the energy resolution by using a sample of simulated Michel electrons. We compare the reconstructed and true energy from the simulation under different scenarios.
We measure an energy-dependent fractional energy resolution by performing the following steps:
• Plot the reconstructed energy as a function of the true energy and fit to the function E reco = α + βE MC .
• Correct the energy scale by calculating a corrected energy
• Binning in true energy to measure the fractional resolution by fitting the distribution [E corrected − E MC ]/E MC to a Gaussian function. The σ from the fit gives a measure of the fractional energy resolution.
The value E reco is measured employing the calorimetric conversion defined in Sec. 4. The slope β measures the bias between reconstructed and true energy introduced by the reconstruction algorithm, over and above what is already accounted for by the correction of Eq. 4.1. Both the energy bias and the energy resolution are important quantities and directly impact neutrino energy reconstruction for ν e interactions. Figure 13 shows the energy resolution obtained for the ionization-only energy deposited by Michel electrons. This measurement compares the true ionization-only deposited energy to the reconstructed ionization-only clustered energy. The correlation between true and reconstructed energy, quantified by the fitted line in figure 13 (a) , shows that all ionization energy is correctly accounted for by the reconstruction procedure. The small positive bias (1 MeV) obtained from the fit is due to an over-clustering of charge near the muon decay point where the muon deposits a large amount of charge in its Bragg peak. The fractional energy resolution in figure 13 (b) can be interpreted as a measure of the calorimetric resolution, since it compares the measured and true value of the ionization energy that excludes any issue arising from the energy loss due to radiative photons. The improving resolution as a function of true energy is characteristic of what one would expect for a calorimetric measurement. Ongoing studies in charge-estimation at the hit-reconstruction stage will likely improve the resolution obtained for this kind of measurement. Figure 14 shows the same distributions, but now compares the reconstructed Michel electron energy measured excluding any charge deposited by radiative photons (ionizationonly energy measurement) to the true Michel electron energy. Now we see a significant deficit of reconstructed energy, as well as a significant spread in the resolution. Furthermore, we notice that the fraction of collected energy decreases, on average, as the Michel energy increases, and that the distribution itself gets broader. At 50 MeV the reconstructed energy makes up only 60% of the total true energy implying a significant energy bias. This is consistent with what was shown in figure 4 and once again indicates how an ionization-only energy measurement would not achieve the best energy resolution. Finally, in figure 15 we show the energy resolution obtained when we include the charge collected through tagged photons. The measured energy is now closer to the true one. Any remaining discrepancy comes from the inefficiency in including radiative photons. For example, at 50 MeV only 76% of the total energy is recovered, with missing energy attributable to photons under threshold and those mistakenly discarded in an attempt to remove charge from accidental cosmic rays, in addition to energy which escapes the TPC volume or lies beyond the 80 cm and 30 degree cut values used. From a Monte Carlo study of the 2D hit reconstruction employed in this analysis we find that 15% of the energy deposited by photons is under the hit-reconstruction threshold and therefore escapes detection. Figure 16 shows the overlay of the resolutions from the ionization-only energy measurement (blue squares) and that including the tagged photons (red circles). Tagging radiative photons improves the energy resolution from over 30% to 20%. There is also indication that the improvement is larger at higher energy, where radiative effects are more important. The effect of photon selection and reconstruction still dominates the resolution and bias, so any further improvement will require more efficient photon tagging. This will be challenging, since the presence of the cosmic rays in the detector (approximately at ground level) makes it hard to include all the associated energy without also integrating contributions from nearby cosmic rays. 
Reconstructed Michel-Electron Energy Spectrum from Data
We finally present the results of the analysis chain described in Sections 3 and 4 applied to cosmic-ray data recorded by MicroBooNE in "off-beam" mode, when the Fermilab accelerator complex was not providing neutrino beams.
We run the reconstruction chain on a sample of 5.44 ×10 5 triggered events (an event corresponds to a 4.8 ms readout of TPC data) and identify 1.4 ×10 4 candidate Michel electrons. Figure 17 shows the energy distribution for the ionization-only energy of tagged electrons. A measurement of the electron ionization spectrum was produced by the ICARUS T600 detector [18] . The two reconstructed spectra show good agreement. Figure 18 shows, for the same events, the reconstructed energy including charge deposited by tagged radiative photons. For both we compare the reconstructed energy spectrum from data to that obtained running over a sample of Monte Carlo simulated cosmic events. No correction for the energy-dependent efficiency is made, which is assumed to be the same for the data and simulation. While the overall reconstruction efficiency is low, it is largely impacted by the spatial orientation of the muon and Michel electron in the 2D collection-plane view and is relatively flat beyond 25 MeV.
By performing a χ 2 study of the data and simulation distributions we determine that the energy scale of the two distributions agree to within 3%. This quantity is compatible with the estimated~5% systematic uncertainty associated with the calorimetric energy conversion (Eq. 4.8). The overall agreement between data and Monte Carlo indicates that our simulation is modeling the physics of muon decay and Michel electron propagation in liquid argon correctly. Furthermore, it allows to expand the conclusions of Sec. 5 to the data. For the ionization-only measurement the energy resolution in the range between 10 and 60 MeV is above 30%, and improves to about 20% when tagging of radiative photons is included. Including photons shifts the peak of the energy spectrum from~20 to about 30 MeV. The energy bias measured in Sec. 5 changes from 60% to 76% of all electron energy recovered at 50 MeV of true electron energy. The decrease in energy-bias and shift in the peak of the energy spectrum are approximately consistent. Both plots show a significant tail which extends beyond the end-point energy of Michel electrons for both data and Monte Carlo. This is due to tagged electrons for which charge from the stopping cosmic-ray muon is incorrectly included in the Michel energy, as well as any possible accidental charge from nearby muons.
Conclusions
Low-energy electrons play an important role in many physics studies addressing neutrino oscillations by using the LArTPC detector technology, and are a key ingredient to specific studies, such as the search of neutrino interactions from supernova bursts. We attempted to highlight the intricate nature of the propagation of such electrons in liquid argon and presented studies illustrating the significant impact of energy lost to radiative photons on the energy resolution.
The work presented here shows first results on Michel electron identification with the MicroBooNE TPC employing a simple 2D reconstruction method. A sample of~14,000 candidate Michel electrons was identified. The reconstructed energy spectrum when only ionization energy deposition is accounted for peaks at~20 MeV and shows a significant energy deficit with respect to the true energy distribution. When we recover energy released by radiative photons, the spectrum's peak shifts to almost 30 MeV. While an improvement, this still falls well below the true energy spectrum cutoff at~50 MeV. This work shows that we understand the performance of the MicroBooNE LArTPC as evidenced by the Monte Carlo reproducing the observed Michel electron energy spectrum. The reconstructed spectrum is considerably different from the true one, due to the challenge posed by identifying and successfully clustering energy deposited by radiative photons produced by low-energy electrons. We have shown that we can account for some of the missing energy by including tagged radiative photons, hence improving the energy reconstruction. We could improve on this by making full use of the 3D information available from LArTPC detectors. This is an essential step towards reaching the energy resolution required for future precision neutrino oscillation measurements.
